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Summary vergent nozzle, which has the advantage of simplicity
. . . and light weight, is currently used on subsonic cruise air-
A series of thrust-vectored axisymmetric ejector craft (commercial or military) in which the nozzle pres-
nozzles were designed and experimentally tested forge ratios are relatively low. For enhanced performance
internal performance and pumping charact_erlstlcs at they; higher nozzle pressure ratios, convergent-divergent
NASA Langley Research Center. These ejector nozzles,ozz|es are desirable. Ideally, the nozzle expansion ratios
used convergent-dlvergen_t noz_zles as the primary noZshould be varied continuously for the convergent-
zles. The model geometric variables investigated weregjyergent nozzle as a function of nozzle pressure ratio at
the primary nozzle throat area, the primary nozzle expan-arious flight conditions to provide optimum thrust. With
sion ratio, the effective ejector expansion ratio (the ratio \he increased temperatures that are associated with after-
of shroud exit area to primary nozzle throat area), theprners which are normally utilized for operation at
ratio of minimum ejector area to primary nozzle throat pigher nozzle pressure ratios and Mach numbers, a need
area, the ratio of ejector upper slot height to lower slot 5ose for large quantities of cooling flow. Ejector nozzles
height (measured on the vertical centerline), and the,ere developed to provide this cooling, and in some

pitch thrust vector angle. The primary nozzle pressurejnsiances the ejectors improved nozzle performance.
ratio was varied from 2.0 to 10.0, depending on the pri-

mary nozzle throat area. The corrected ejector-to- During the late 1940’s and early 1950’s, an exten-
primary nozzle weight-flow ratio was varied from 0 (no Sive amount of research was done in the area of cooling-
secondary flow) to approximately 0.21 (21 percent of the @ir ejectors. This earlier research was for conical ejector
primary weight-flow rate), depending on the ejector noz- nozzles (refs. 1-4), cylindrical ejector nozzles (refs. 5
zle configuration. In addition to the internal performance and 6), and divergent ejector nozzles (refs. 7 and 8). All
and pumping characteristics, static pressures werethese studies were made by using a convergent nozzle as
obtained on the shroud walls. the primary nozzle. Reference 7 showed that each type of
_ o _ ejector had its own merits, depending on the amount of
The results of this Study indicate that without sec- Secondary ﬂOW, the primary nozzle pressure ratio’ and

ondary flow, the addition of shrouds reduced the perfor- certain other parameters such as spacing and expansion
mance (gross thrust ratio) of the primary nozzles. Theratios.

shrouded nozzles acted as convergent-divergent nozzles ) ) ) )

with expansion ratios equivalent to the ratio of the shroud ~ AXisymmetric convergent-divergent ejector nozzles
exit to the primary nozzle throat. Discontinuities in the (Convergent primary and divergent shrouds) were used
thrust ratio trends occurred at low primary nozzle pres-©n turbojet engines during the 1950-1970 era. However,
sure ratios, and these discontinuities were mitigated bythe later development of military turbofan engines along
decreasing expansion area ratio. The addition of secondWith improved high-temperature materials essentially
ary flow increased the gross thrust ratio over the primary€liminated the need for ejector nozzles. Fan air became
nozzle pressure ratio range. The mid-to-high range ofthe pnmary.coollng air source for the nozzle hot sections.
secondary flow provided the most overall improvements, AlSO, the aircraft design Mach numbers were generally
and the greatest improvements were seen for the largedtmited to Mach numbers less than 2.0 and this, in turn,
ejector area ratio. Thrust vectoring the ejector nozzleslimited the temperature problems encountered.

caused a reduction in gross thrust coefficient and dis-  The current trend in engines for advanced multi-

charge coefficient. With or without secondary flow, the yissjon aircraft is toward low bypass ratios and high spe-
vectored ejector nozzles produced thrust vector anglegsisic thrust cycles. This trend tends to increase exhaust
that were equivalent to or greater than the geometricyas temperatures and nozzle size and reduces the amount
turning angle. With or without secondary flow, spacing of cooling air available. Also, increased emphasis on
ratio (ejector passage symmetry) had little effect on\eapon system survivability has increased the nozzle

thrust ratio, discharge coefficient, or thrust vector angle-cooling requirements. These factors have renewed the
For the unvectored ejectors, a small amount of secondarynerest in ejector nozzles.

flow was sufficient to reduce the pressure levels on the S
shroud, thus indicating that secondary flow can effec- ~ An extensive literature search conducted by the
tively cool the nozzle shroud. For the vectored ejector authors of references 9 and 10 found that a large database

nozzles, a larger amount of secondary air was required tgvas available for unvectored axisymmetric ejector noz-

reduce the pressure levels to provide C00|ing. ZIeS,. but 'a. Iarge teChnOIOgy void existed TOI' nonaxisym-
metric ejector nozzles and vectored ejector nozzles.
Introduction Because future aircraft will tend to use thrust vectoring

nozzles for control augmentation (ref. 11), a new experi-
Several types of axisymmetric nozzles are used tomental investigation to study the internal performance
produce thrust for aircraft propulsion systems. The con-and pumping characteristics of vectored axisymmetric



ejector nozzles was undertaken. These ejector nozzles-
had convergent-divergent primary nozzles and divergent
shrouds. This investigation was conducted on the dual-
flow test stand located in the static test facility of the
Langley 16-Foot Transonic Tunnel. The model geomet- !
ric variables investigated were the primary nozzle throat
area, the primary nozzle expansion ratio, the effective F/F;
ejector expansion ratio (the ratio of shroud exit area to .
primary nozzle throat area), the ratio of minimum ejector "
area to primary nozzle throat area, the ratio of ejector
upper slot height to lower slot height (measured on the
vertical centerline), and the pitch thrust vector angle. The
primary nozzle pressure ratio was varied from 2.0 to
10.0, depending on the primary nozzle throat area. The 'S
corrected ejector-to-primary nozzle weight-flow ratio

was varied from 0 (no secondary flow) to approximately

0.21 (21 percent of the primary weight-flow rate),
depending on the ejector nozzle configuration. In addi-

tion to the internal performance and pumping character-' N
istics, static pressures were obtained on the shroud wallsF/F,

F

Symbols and Abbreviations Fr/F
All forces (with the exception of resultant gross rol

thrust) and angles are referenced to the model body axis. S

AB afterburner Fs'F
Aq shroud exit area (see table A1) in g
ej ejector area (di_ffer_ence in area basedipn
anddg shown in fig. 5(a)), fn h
A, primary nozzle exit area (see table A1¥, in hl
A primary nozzle throat area (see table A13, in u

h /h
A/ A,  ratio of shroud exit area to primary nozzle exit L“ '

area (see table Al)
A/ A,  effective expansion ratio (see table Al)

Aej/At ratio of minimum ejector area to primary
throat area (see table A1)Zin M.S.

A/A,  primary nozzle expansion ratio (see table A1) NPR

Config.  configuration (NPR) 4
de internal diameter at exit of shroud
(see fig. 5(a)), in. P
d; internal diameter at exit of primary nozzle (see Py
fig. 5(a)), in. Py, |
d minimum diameter of shroud p'
(see fig. 5(a)), in. Rt' s
d, primary nozzle throat diameter
(see fig. 5(a)), in. r
d; external diameter at exit of primary nozzle SNPR
(see fig. 5(a)), in. T, j
d, d;  other shroud diameters (see fig. 4(c)), in. Tt, s

measured thrust along body axis of either

isolated primary nozzle or ejector nozzle,

positive in forward direction, Ibf

ideal isentropic thrust of ejector nozzle

system,Fi’p + Fi’S , Ibf

thrust ratio

ideal isentropic thrust of primary system,
0 01/2

w %&A{ = D(V—D/qg Ibt
H g y-1[" LNPRU E

ideal isentropic thrust of secondary system,

ERT El/z
W, t,sﬂ{ o1 D(v—l)/v}D , Ibf

0g y-1 USNPR O

O 0
measured normal force, Ibf
normal-force ratio

[[2 2 2

resultant gross thrust/F~ + Fot FS , Ibf
resultant gross thrust ratio
measured side force, Ibf
side-force ratio
acceleration due to gravity

Hig~32.174 fi/sed

lower slot height (see fig. 5(a)), in.
upper slot height (see fig. 5(a)), in.
ratio of slot heights

length of shroud from exit of primary nozzle
to exit of shroud (see fig. 2), in.

Mach number
model station, in.
primary-jet nozzle pressure rat'pq‘, j/ P,

design nozzle pressure ratio (NPR for fully
expanded flow at nozzle exit)

local static pressure, psi

ambient pressure, psi

average primary-jet total pressure, psi
average secondary-jet total pressure, psi
gas constant, 1716fsed-°R

radius of curvature (see fig. 4), in.
secondary-jet nozzle pressure rql{ps/ P,
average primary-jet total temperatuf&
average secondary-jet total temperatdfe,



W, ideal weight-flow rate of primary stainless-steel s-shaped air-supply tubes bridged the met-

jet, Ibf/sec ric hardware to the nonmetric support frame. (See
w, measured weight-flow rate of primary fig. 1(a).)
jet, Ibf/sec The primary jet flow was supplied from an external
Wp/wi primary nozzle discharge coefficient high-pressure _air system that provided a continuous flow
w, measured weight-flow rate of secondary of clean dry air up to 15 Ib/;ec at a controlled tempera-
jet, Ibfisec ture of abo_u540°R at the primary nozzle. A pair of crit-
o . ) ical venturis located external to the test stand were used
X axial distance from exit of primary nozzle to  to measure the primary flow rate. From the venturis, the
pressure tap location, positive downstream  ajr passed through two flexible rubber hoses connected to
(see fig. 4(e)), in.; also coordinate used to the bottom of the test stand, through two of the s-shaped
define radius of curvature (see fig. 4(c)), in.  tubes, and then into the metric primary plenum (fig. 1).
Xg axial distance from exit of primary nozzle to The air then passed through eight radially oriented sonic
minimum diameter of shroud (see fig. 2), in.  nozzles into the axial duct surrounding the balance
y coordinate used to define radius of (fig. 1(b)). From here, thg air pa_lssed f[hrough a choke
curvature (see fig. 4(c)), in plate and an instrumentation section which contained two
) T total-temperature probes and a total-pressure rake with
y ratio of specific heats nine probes. The measurements made at this station were
o geometric p|tch vector ang|e measured from used in the Cqmputation of primary ideal Welght flow and-
model centerline (positive angle produces thrust ar_1d primary nozzle pressure ratio. Then, the air
positive normal force), deg passed into the primary nozzle of the ejector configura-
. tion and into the shroud where it interacted with the
6p resultant pitch thrust vector angle, secondary air supply.
tan_l(F /F), deg . : .
N ' The secondary or ejector jet flow was supplied by a
. ) ) separate 3 Ib/sec air system. A single subsonic venturi
t ratio of ejector-flow-stagnation temperature (0 |cated external to the test stand was used to measure the
primary-nozzle-flow stagnation secondary flow rate. No temperature control was avail-
temperatureT, /T, ; able for this air supply, and therefore secondary total
w ratio of ejector flow to primary nozzle temperature in the ejector instrumentation section varied
flow, ws/wp from approximatelyd60°R t®30°R , depending on the
W1 corrected secondary-to-primary time of day and the length of each run. Downstream of

test stand, through the other two s-shaped tubes, and then
into the metric secondary plenum (fig. 1). The air then
passed through 12 radially oriented sonic nozzles into an
Apparatus and Methods annular axial duct surrounding the primary air passage
(fig. 1(b)). From here the air passed through a choke
plate and instrumentation section containing two total-
o o temperature probes and four total-pressure rakes with
This investigation was conducted on the dual-flow tyo probes each. Measurements made at this station were
(air-powered nozzle model) static test stand located inyged in computing secondary nozzle pressure ratio
the static test facility of the Langley 16-Foot Transonic (SNPR) and corrected secondary-to-primary weight-flow

Tunnel. A sketch of the dual-flow test stand is shown in yatio (c./7) . The details of these computations can be
figure 1(a), and details of the system are shown infgynd in reference 12.

figure 1(b) with a vectored ejector nozzle configuration

(consisting of outer cylinder, primary nozzle, and Models

shroud) installed. A photograph of ejector nozzle config-

uration 20 installed on the test stand is shown in The parameters shown in figures 2(a), 2(b), and 2(c)
figure 1(c). The dual-flow system is an axisymmetric rig were used in the ejector prediction program discussed
mounted on a six-component strain gauge balance. Allin references 9 and 10 and are considered to be the
model hardware downstream of M.S. 0.000 (seeimportant ejector parameters. As the ejector system
fig. 1(b)) is supported solely by the force balance, and asevolved from the conical ejector to the cylindrical ejector

such it is referred to as “metric.” Four semirigid and then to the divergent ejector, the number of

T the venturi, the air line was split and the air passed

weight-flow ratio Ws [t s through two flexible rubber hoses to the bottom of the
"W AT, .
p tl]

Facility Description and Instrumentation
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geometric parameters increased. To account for the comsure taps along the top vertical centerline. The vectored
plexity of using a convergent-divergent primary nozzle, shrouds were instrumented with two additional rows of

the additional parameters shown in figure 2(d) were pressure taps, one along the bottom vertical centerline
investigated. and one along the side. These taps were located at the

. . _samex location for all rows. Details of the shroud static
The two primary throat areas were selected by USiNGtans are shown in figure 4(e).

the parameters shown in figure 2 as guidelines, thus lim-
iting the number of configurations tested. Throat areas of ~ Vertical sectional views of all 28 ejector nozzle con-
3.500 and 6.000 fnwere chosen to represent dry- and figurations through the model centerline are shown in
afterburner-powered nozzle configurations, respectively.figure 5. The parameters shown in figure 5 are given in
The expansion ratiqA;/A;)  of the primary nozzle was table A3 for all the configurations.

chosen to be 1.10 for both the dry and afterburner config-

urations. Later, four other primary nozzle configurations Data Reduction

were designed that had expansion ratios of 1.20 and 1.30

for both the dry and afterburner configurations, respec-  Forces and moments were measured with a six-
tively. This was accomplished by reducing the throat component strain gauge balance located on the jet stand
area, which changes the ratios that are based\on centerline. Each data point used in the computations was
Three effective expansion rati¢/A,)  were selectedthe average of 50 frames of data, taken at a rate of
for the dry- and afterburner-powered configurations. The 10 frames per second. A set of corrections are applied to
spacing between the exit of the primary nozzle and theall balance force and moment measurements. Each
minimum area of the shrougk.)) was fixed at 0.000 in., balance component was initially corrected for model
and the length of the shroud from the exit of the primary weight tares and isolated-balance interactions. Addi-
nozzle to the exit of the shroyd)  was fixed at a con- tional interactions were computed by recalibrating the
stant value of 2.685 in. for all the configurations. The balance after it was installed on the test stand because the
ratio of ejector area (the difference in the area based ors-tubes provided a new set of restraints to the balance. In
ds and d, in fig. 2(d)) to primary nozzle throat area addition to providing a set of “installed” interactions, this
(A./A) was varied by factors of 2 and 3 over the origi- recalibration accounts for the effects of blowing the jet
nal ratio. In addition to no secondary flow, three other (pressurization) and nozzle throat area (momentum
corrected weight-flow ratios were selected for each con-transfer).

figuration with constantAej/A; ratios. Pitch thrust vec-
tor angles of0° and8° were chosen for testing. The
design parameters for the selected configurations are pre
sented in the appendix in table Al.

The s-tubes were designed to be flexible enough to
minimize the static restraints on the force balance, yet
rigid enough to withstand the pressurization during jet
operation and minimize the effect of pressurization on

The ejector nozzle configurations consisted of the the static restraints. Residual tares still existed and were
primary nozzle, outer cylinder, and shroud, as shown inthe result of the tendency of the s-tubes to deform under
figure 1(b). Photographs of one of the vectored ejectorpressurization. These residual tares were determined by
nozzle configurations are shown in figure 3. The config- testing convergent calibration nozzles with known per-
uration consisted of only one outer cylinder, which is formance over a range of expected internal pressures and
detailed in figure 4(a), six unvectored primary nozzles external forces and moments. A general procedure for
(three for the dry and three for the afterburner-poweredcomputing these tares was discussed in more detail in
configurations), and two vectored primary nozzles (one reference 12, although the specific equations for deter-
each for the dry and afterburner configurations). Details mining the tares have been modified to correct for the
of the primary nozzles are shown in figure 4(b). Six interactions peculiar to the dual-flow static test stand. For
unvectored shrouds were used, three each for the drghe current test, the axial-force measurement was cali-
and afterburner configurations (see fig. 4(c)), and six brated to within 1 percent of full-scale balance capacity.
vectored shrouds were used, three each for the dry andhe remainder of the components were calibrated to
afterburner configurations (see fig. 4(d)). The variations within 0.5 percent of full-scale balance capacity.
in h,/h, were obtained by making vertical adjustments

in the appropriate shroud. Table A2 gives the matrix of These corrected forces and moments were used to

fompute the parameters used in the presentation of
results, which consisted of thrust ra(is/F;) , normal-
force ratio(Fy/F;) , side-force rati¢Fs/F;) , resultant
One static pressure tap was located on the top verti-gross thrust ratio (F /F;,) , discharge coefficient
cal centerline of the outer cylinder. The unvectored (wy/w;), and pitch thrust vector anglep) . With the
shrouds were instrumented with one row of static pres-exception of resultant gross thrust ratio, all balance data

configurations.
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are referenced to the model centerline. The secondargecondary flow, the primary jet was increased over the
nozzle pressure ratio (SNPR), the ratio of secondary totaNPR range and with secondary flow, the primary jet was
pressure to primary total pressufp; ¢/ Py, j) , and the set at an NPR value and the secondary flow was adjusted
shroud static pressure ratiop/(p, j apdp, , ) are to obtain the range of corrected weight-flow ratios.
presented also. ’ '

. Presentation of Test Results
The force ratiod=/F, F\/F; ,anég/F; are the

ratios of the corrected measured thrust, normal force, and The primary nozzle pressure ratio (NPR), the sec-
side force, respectively, along the body axis to the idealondary nozzle pressure ratio (SNPR), the force ratios
thrust of the ejector nozzle systeff = F; ,+Fjs) . (F\/F;, F&/F;, and F/F, ), the gross thrust ratio
The resultant gross thrust raff,/F;) s the resultant (F /F,), the discharge coefficientw,/w;)  of the pri-
of the corrected measured forces divided by the idealmary nozzle, the pumping or secondary-to-primary total-
thrust of the ejector nozzle system. The ideal thrustpressure ratiqp/ pt,j) , and the thrust vector ar(@g)
(Fi,p) of the primary flow is based on measured primary are presented in the appendix in tables A4-A31 for all 28
weight flow (wy) , primary-jet total pressur@, ;) , and configurations. The shroud static pressure ratios
primary-jet total temperatur€T, ;) . Ideal thrust; s) (p/ pt’j) are presented in tables A32-A59, and to help
of the secondary flow is based on measured secondarpetter understand the potential cooling effect of the sec-
weight flow (wg) , secondary-jet total pressu(e, o . ondary flow, the shroud static pressure ratios are also
and secondary-jet total temperatg i) . The force andpresented ap/ P s in tables A60—-A87.

moment measurements of the ejector configurations
include the thrust contribution of the secondary air sys-.
tem, and likewise the ideal thrust is based on the primar
and secondary flows.

A general discussion on ejector nozzles is presented
n figure 6. In addition to the tabulated data, selected
comparison plots are presented as follows:

) - i Figure
The nozzle discharge coefficierfy/w;) is the

ratio of measured primary weight flow to ideal primary
weight flow and reflects the ability of the primary nozzle Effect of shroud on performance, pumping

to pass exhaust flow. The discharge coefficient, which is characteristics, and discharge coefficients. . . . . .. 7
reduced by any momentum amdna contractalosses

(effective throat area less thég ), does not account for ~ Effect of shroud expansion ratié\s/A,) ~ and
secondary weight flow. ejector area ratu()Aej/ A,) on shroud static

pressure distribution. . . ........... ... ... 8

Unvectored, no secondary flow:

The resultant thrust vector ang(é,) is the calcu-
lated angle in pitch at which the resultant thrust vector is

Unvectored, secondary flow:

entitled “Symbols and Abbreviation_s,” this angle is cal- pumping characteristics, and discharge
culated from normal force and axial force and can be coefficients of unvectored ejector nozzles. . . . . . . 9
increased by either an increase in normal force or a
decrease in axial force. Effect of secondary flow on shroud top-centerline
) o ) static pressure distributions of unvectored
The independent flow parameters for this investi- gjectornozzles . ........... . .. 10

gation were the primary-jet nozzle pressure ratio (NPR)

and corrected secondary-to-primary weight-flow ratio Vectored, no secondary flow:
(w./1). The primary nozzle pressure ratio is the average
total pressure measured in the primary instrumentation
section divided by atmospheric pressure. The NPR was
varied in this investigation from 2 to 10, depending on
the value ofA; of the primary nozzle. The corrected  Effect of geometric vector angl®)  and slot-
weight-flow ratio (w./T) is the ratio of the measured height ratio(h,/h,) on discharge coefficients

weight flow of the secondary flow to the measured pri- and thrust vector angles of ejector nozzles . .. .. 12
mary weight flow, which is corrected for the difference

in temperature. (Again, see the section on “Symbols and Effect of geometric vector angl@) and

Effect of geometric vector angl®) and slot-
height ratio(h,/h;) on performance and
pumping characteristics of ejector nozzles . . ... 11

Abbreviations.”) The corrected weight-flow ratio was slot-height ratio(h /h;) on shroud top-
varied from 0 (no secondary flow) to approximately 0.21 centerline static pressure distributions of
(21 percent of the primary weight-flow rate). With no ejectornozzles . ......... .. i 13



Vectored, secondary flow:

Effect of secondary flow on performance and
pumping characteristics of vectored ejector
nozzles withh /h, = 1.00

Effect of secondary flow on discharge coefficients
and thrust vector angles of vectored ejector
nozzles withh /h, = 1.00

Effect of secondary flow on shroud top-centerline
static pressure distributions of vectored ejector
nozzles withh /h, = 1.00

Potential cooling:

Potential cooling effect of secondary flow on
unvectored ejector nozzles

Potential cooling effect of secondary flow on

vectored ejector nozzles with),/h, = 1.00 . 18

Primary nozzle expansion ratio:

Effect of primary nozzle expansion ra{i,/A))
and secondary flow on performance and
pumping characteristics of unvectored
ejector nozzles

Effect of primary nozzle expansion raiig/ A;)
and secondary flow on shroud top-centerline
static pressure distributions of unvectored
ejector nozzles

Results and Discussion

General Discussion on Ejector Nozzles

The flow within an ejector nozzle is based on the

mutual interaction between a high-energy stream (pri-

mary flow) and a low-energy stream (secondary flow).
These two streams begin to interact at the primary nozzl
exit. Five flow regimes may exist for an ejector nozzle,
and they are listed as follows:

1. No secondary flow and low primary nozzle pres-
sure ratio (fig. 6(a))

2. No secondary flow and higher primary nozzle
pressure ratio (fig. 6(b))

3. Low secondary flow and low primary nozzle
pressure ratio (fig. 6(c))

4. Low secondary flow and moderate primary noz-
Zle pressure ratio (impingement) (fig. 6(d))

5. Higher secondary flow and low-to-moderate pri-
mary nozzle pressure ratio (fig. 6(e))

6

19to-secondary pressure will

In order to better understand the internal flow fields
that may be present in an ejector nozzle, the following
discussion is presented in conjunction with figure 6.
When the primary flow has a lower pressure ratio and no
secondary flow occurs, the primary flow may not have
enough energy to expand to the wall of the shroud and
the nozzle flow may be completely separated. (See
fig. 6(a).) Under these conditions, a region of dead or
low-energy air occurs in the secondary-flow path and
between the primary flow and the shroud wall. The pri-
mary flow will lower or “pump” the pressure in the
secondary-flow path to levels below ambient. Along the
shroud wall, the pressure will rise to be equal to ambient
conditions at the shroud exit.

When the primary-flow pressure ratio is increasing,

17the pumping of the secondary-flow path will further

reduce the pressure in the dead-flow region up to the
point where the primary flow has enough energy to
expand and impinge on the shroud. At this point (see
fig. 6(b)), the secondary-flow path is isolated from the
external ambient conditions and the pressures in the
dead-flow region will be at a minimum. Further increases
in primary-flow pressure ratio will simply raise the
secondary-flow path pressure while the ratio of primary-
remain constant. The
impingement point will move upstream in the nozzle as
the higher energy primary flow will expand rapidly to
the shroud. Once the primary flow is attached to the
shroud, the ejector nozzle without secondary flow will

20behave like a conventional convergent-divergent nozzle

with possible nozzle flow separation, depending on

pressure ratio and expansion ratio. However, over-

expansion losses might be greater in the ejector nozzles
as compared with conventional nozzles because of the
discontinuous surface and the low-pressure dead-flow
regions.

When the nozzle operates as an ejector nozzle with
secondary flow, a similar sequence of flow conditions is

€ . .

expected. When the primary flow is at a low pressure
ratio but higher than the secondary-flow pressure, the
primary flow will not have the energy to expand to the
shroud wall. (See fig. 6(c).) In this case, the secondary
flow will remain attached to the shroud wall as a low-
energy sublayer (corresponding to the dead flow in the
first discussion) that separates the primary flow from the
shroud wall. The mixing boundary between the two
flows will move closer to or farther away from the
shroud wall, depending on the ratio of primary-to-
secondary pressures. That is, higher secondary pressure
will push the boundary away from the wall and vice
versa.

As the primary-to-secondary pressure becomes suffi-
ciently large, the primary flow will expand and impinge



on the shroud wall and isolate the secondary flow from ejector nozzles in that the secondary total pressure is
the external ambient conditions. (See fig. 6(d).) All the influenced by the primary total pressure in the NPR
secondary flow is entrained into the primary flow range up to approximately 4 for the dry-powered config-
through a mixing region in which a lower energy sub- urations and slightly higher for the afterburner-powered
layer or boundary layer exists against the shroud wall.configurations. Once the primary flow has expanded to
The impingement point and the mixing-region loca- completely fill the shroud, the secondary cavity is com-
tion will vary, depending on the primary-to-secondary pletely sealed off from ambient conditions and the ratio
pressure ratio. of secondary total pressure to primary total pressure
o .. remains constant. AB/A;  ané./A;  increase, the
If the secondary pressure is increased, the impinge-gecondary cavity is pumped down to a lower pressure
ment point will move downstream and the secondary pafore the shroud is filled by the primary flow.
flow will choke (M =1.000 along the shroud. (See
fig. 6(e).) The entire secondary flow may be choked and ~ To help understand the effect of shroud expansion
the shroud wall pressures will not be affected by theratio (A,/A,) on gross thrust coefficient, the shroud
primary flow. At this point, a high-performance nozzle static pressure distribution®/p, ;)  for the unvectored
can have the high-pressure, high-temperature primarydry-powered configurations without secondary flow are
flow isolated from the nozzle wall, and an effective cool- shown in figure 8(a). These pressures are on the top
ing mechanism may exist without causing excessive centerline of the shrouds and on the one tap that is
losses in nozzle efficiency or an increase in weight andlocated in the outer cylinder. The exit of the primary noz-
complexity. zle is atx/L = 0 . The flow is fully detached from all
three shrouds &PR = 2 . The level of primayyp; ;
Effect of Shroud Presence (No Secondary Flow)  Starts out at the level qf ¢/p;j  shown in figure J7 for
NPR = 2 and then expands toward ambient conditions.
The effect of the different shrouds on gross thrust For the lower two expansion ratios (1.52 and 1.76), the
coefficients, pumping characteristics, and dischargeflow is still initially detached aNPR = 3 as it leaves
coefficients is shown in figure 7 for the dry and after- the primary nozzle (denoted by the fact mmptj
burner configurations without secondary air. As a base-upstream oft/L = 0.2 is still influenced by changes in

line, the primary nozzles were tested in an isolated modeNPR and thatp/ P i has not reached a constant value
that is, without the shroud and outer cylinder. The gross(fig. 7)). /)

thrust coefficients of the primary nozzles are typical of
convergent-divergent nozzles. The peak thrust coeffi- Farther downstream on the shroud, the flow attaches

cients occur at an NPR near full expansion conditions t© the shroud until it shocks to ambient conditions near

(NPR) . The shrouded nozzles behave as convergent—the exit. The flow is fully detached from the shroud at
divergent nozzles with expansion ratios’f/ A, . Typi- NPR = 3 for the shroud withA,/A; = 2.00 ~ because
cally, higher expansion ratio nozzles have lower perfor- the shroud has been moveq farther from the centerline in
mance at lower NPR values and higher performance afi9uré 5. (See configurations 1, 5, and 9.) Above
higher NPR values, as shown in figure 7. At low values NPR = 4, all the shrouds have been'essentlally filled by
of NPR, high-expansion-ratio shrouds allow ambient the primary flqw and the flow remains attached.to'the
pressure to propagate into the nozzles through the boundEhroud, as indicated by the unchangprp | distribu-
ary layer. This pressure causes shock-induced separatiofions With increasing NPR and the fact that the minimum
which increases the thrust (by creating a lower effective Preéssure ratiqp, /p, ;  has been reached. Because the
A) at the lower NPR valued\y/A; = 1.76  and 2.00). shroud static pressures are closer to ambient cond|t|ons
AS noted in reference 9, separation within the shroud car{O" the detached-flow casefNRR = 2~ and 3) in the
cause a discontinuity in the gross thrust curve. highest expansion ratio shroud, the thrust performance
Reference 9 states that this discontinuity is a function of1@S been increased at those NPR values. (See fig. 7.)
nozzle area ratio and completely disappears as the aregimilar results are shown in figure 8(b) for the
ratio becomes small. In fact, the nozzles with the smallesttérourner-powered configurations.

expansion ratio do not exhibit a discontinuity in resultant The addition of the shroud caused a slight increase in
thrust performance at low NPR values. discharge coefficient that is more apparent for the after-
burner configurations, although the reason for this

The effect of the different shrouds on the pumping increase is unknown

characteristics is shown in the center portion of figure 7.
Even though the isolated primary nozzles have no pump-
ing characteristics, the values of 1/NPR (ambient condi-
tions) are shown as circular symbols. The pumping The effect of secondary flow on gross thrust, pump-
characteristics of the shrouded nozzles are typical ofing characteristics, and discharge coefficient for the

Effect of Secondary Flow
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unvectored dry-powered configurations is shown in fig- results in very little change in gross thrust performance
ure 9(a). The addition or rate of secondary flow had noat the higher NPR values. Similar results are shown for
effect on primary nozzle discharge coeffici€mtp/w;) , the other dry- and afterburner-powered configurations
as expected. The addition of secondary flow significantly (fig. 10(b)).

increased the thrust coefficients for all three ejector noz-

zles, but to a varying degree. The peak thrust coefficients  Effect of Slot-Height Ratio and Thrust Vectoring

with secondary flow occurred at lower NPR values than _ . _

with no secondary flow. Adding secondary flow had the ~ The effects of slot-height ratith,/h;)  (ejector pas-
same effect as decreasing the expansion (ajg A) sage symmetry) and geometric vector ar{@e ~ on gross
because nowA, included the primary and ejector areadhrust coefficient and pumping characteristics for the

and the lower expansion ratio shifted the whole curve dry-powered configurations with no secondary flow are
toward a lower NPR value. shown in figure 11(a). Increasing the slot-height ratio

from a value of 1.00 changes the secondary-flow passage

The greatest overall gross thrust improvements werefrom a symmetric to an asymmetric annular cross sec-
obtained with midrange secondary-to-primary flow tjon. Once the primary flow is attached to the shroud wall
ratios. Because the largest area ratio nozzle(NPR= 4 to 6), a decrease in thrust coefficient of about
(Ae/ At = 2.00) had the worst performance without any 1 percent generally occurs for the thrust-vectored
secondary flow, the greatest potential for gross-thrust-configurations, a result indicating a small turning loss
ratio improvement with secondary flow exists for it. In due to vectoring. However, little or no effects resulted
fact, it did exhibit the best improvement as shown by the from the slot-height ratio and, likewise, the slot-height
data in figure 9(a). The pumping characteristics areratio had no effect on the pumping characteristics. Simi-

typical (refs. 1-8) in that as secondary flow is increased,|ar results are shown in figure 11(b) for the afterburner
P, /Py, j increases because a higher valueppf IS configurations.

requireoJI 0 maintain a given secondary-flow rate. In gen- ' _ '
eral, the addition of secondary flow reduced the NPR at  The effects of slot-height ratio and geometric vector
which the mixed flow first attaches to the shroud (that is, angle on discharge coefficient and thrust vector angle are
P, /Py becomes constant). Similar results are shown shown in figure 12(a) for the dry-powered configurations
in figure 9(b) for the afterburner configurations. with no secondary flow. Thrust vectoring causes a reduc-
. tion of about 2.5 percent in the primary nozzle discharge

To help understand the influence of secondary flow ¢qefficient. Because geometric throat geometry varies

on the gross thrust coefficient, the pressure distributions,, ;i geometric thrust vector angle, a variationigy wi
. . ’ |

are shown for the unvectored dry-powered configuration yith varyingd was expected. A similar reduction in dis-
in figure 10(a). Again, these pressures are along the 1oR.harge coefficient was reported in reference 11 for a sin-
centgrllne_of the shroqd. For the lowest expansion ratlog|e flow (nonejector) convergent-divergent nozzle thrust
configuration, the flow is fully separated from the shroud (5t was vectore®0° . Discharge coefficient was inde-
at NPR = 2 for all corrected secondary-to-primary nendent of variations in the spacing ratio. The geometric
weight-flow ratios. Without secondary flow, the flow is |actor angle ofl8° produced at ledst® of thrust vec-
initially detached aNPR = 3 ; however, with the addi- (51 angle except in the lower NPR region. At the highest
tion of a small amount Ef secondary i'OW' the flow o expansion ratios tested, a slight reduction occurs in
becomes attached &PR = 3 . A’”,ﬁ =002 , the regyitant thrust vector angle with increasihg/h, .
secondary flow has a slight acceleration as noted by thesgcayse the turning of the flow occurs in the subsonic
slight decrease in pressures upstream/df = 0 - With region of the primary nozzles upstream of the throat,
a further increase in corrected secondary-to-prlmaryVery little loss in vectoring should occd,=3) . These
weight-flow ratios, the secondary flow accelerates even qqyits are typical for vectoring axisymmetric nozzles

more. With secondary flow, the ﬂO_W near the exiE shocks (ref, 11), and similar results are shown in figure 12(b) for
to ambient conditions beloWlPR = 5 . APR = 2 the afterburner configurations.

and w./t = 0.02, the increase in secondary pressure

causes the separated flow to be nearer ambient con- To help understand why very little change occurs in
ditions, thus increasing the thrust level over the no- thrust vector angle with an increase in slot-height ratio,
secondary-flow level. (See fig. 9(a).) With increasing the shroud static pressures for the dry power configura-
secondary flow, the slightly higher pressure levels con-tions with various slot-height ratios are shown in
tribute to the small increase in thrust for those flows. figure 13(a) for the shroud top centerline (even though
(See fig. 9(a).) The overexpansion losses at low NPRtabulated pressures for the bottom and side centerlines
were reduced with the addition of secondary flow. With are presented in the appendix). For the ejector nozzle
further increases in secondary flow, the shroud pressuresvith the lowest expansion ratio, the pressure distribu-
downstream of the primary exit are quite similar, which tions on the shrouds are nearly identical with increasing
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slot-height ratio and thus produce essentially the samevectored configurations with secondary flow. For no sec-
resultant thrust vector angles. (See fig. 12(a).) With ondary flow, the pressure ratios are quite high, especially
increasing expansion ratio, the pressure distributions atat high values of NPR. A small amount of secondary
various slot-height ratios are different and contribute to flow is no longer effective{/ p; s values greater than

the changes noted in resultant thrust vector angles forl.00) for shroud cooling, but with increasing secondary
those configurations. Similar results are shown in flow the pressure ratios are reduced to levels near 1.00.

figure 13(b) for the afterburner configurations.

The effects of secondary flow on the gross thrust ~ Effect of Primary Nozzle Expansion Ratio
coefficient and pumping characteristics of the vec- The effect of primary nozzle expansion ratio and

tored dry-powered configura_tior)s with a sIot—heig_ht ratio ejector secondary flow on the performance and pumping
(hy/hy) of 1.00 are shown in figure 14(a). As with the characteristics of the unvectored configurations is shown
unvectored configurations (see fig. _9), the addltlo_n. of in figure 19. Increasing the primary nozzle expansion

secondary flow causes an increase in thrust coefficient, 5tio increases the NPR at which peak gross thrust per-
with the largest improvements occurring in the lower formance occurs. The addition of secondary flow

NPR range and for the highest expansion ratio ejectoriycreases the performance of the shrouded configura-
nozzle. Again, the mid-to-high range of secondary flow jons. The increased expansion ratio of the primary noz-
produced the best overall improvement in thrust over the;|e gjlowed ambient conditions to propagate through the
NPR range tested. The pumping characteristics are agoyndary layer and increase the performance of the iso-
expected. Secondary flow generally reduces the value Ofateq (shroud off) primary nozzles at low values of NPR.

NPR where the mixed flow first attaches to the shroud. The effect of primary expansion ratio on the shroud static

Similar results are shown in figure 14(b) for the pressure distributions is presented in figure 20.
afterburner configurations.

The effects of secondary flow on discharge coeffi- Conclusions

cient and thrust vector angle are shown in figure 15(a) for ) ] ] )

the configurations of figure 14(a). Secondary flow had A Series of thrust-vectored axisymmetric ejector
no effect on primary discharge coefficient. The geomet- N0zzles were designed and experimentally tested for
fic vector angle of18° produced essentiall’ of internal performance and pumping characterlsncs at the
thrust vectoring, again with most of the variation occur- L@ngley Research Center. These ejector nozzles used
ring in the lower NPR range. Increasing the amount of convergent-divergent nozzles as the primary nozzles.
secondary flow reduces the thrust vector angle, with The model geometric variables |r_1vest|gated were the pri-
most of the variation occurring at the higher expansion Mary nozzle throat area, the primary nozzle expansion

ratios. Similar results are shown in figure 15(b) for the ratio, the effective ejector expansion ratio (the ratio of
afterburner configurations. shroud exit area to primary nozzle throat area), the ratio

of minimum ejector area to primary nozzle throat area,

The effects of secondary flow on the shroud static the ratio of ejector upper slot height to lower slot height
pressure distributions for the configurations in figures 14 (measured on the vertical centerline), and the thrust vec-
and 15 are presented in figure 16. Again, these pressuregr angle. The primary nozzle pressure ratio was varied
can be related to the changes in thrust vector angles fofrom 2.0 to 10.0, depending on the primary nozzle throat

these configurations. area. The corrected ejector-to-primary nozzle weight-
_ _ flow ratio was varied from 0 (no secondary flow) to
Secondary-Flow Cooling Potential approximately 0.21 (21 percent of primary weight-flow

Figures 17 and 18 show the potential nozzle cooling rate_),_ depending on the ejector nozzle configu_ration. In
capability of the secondary air. Figure 17 presents datsg?ddition to the internal performance and pumping char-
for the unvectored ejector nozzles. Pressure ratiosacteristics, stat|c_ pressures were obtained on the shroud
(p/p, ¢ above 1.00 indicate that the primary flow is walls. The following conclusions are presented:
impinging on the shroud. With no secondary flow, the
shroud pressures were influenced by the primary flow.
The values ofp/p, , are generally greater than 1.00

1. Without secondary flow, the addition of shrouds
reduced the gross thrust ratio of the primary nozzles. The
shrouded nozzles acted as convergent-divergent nozzles

dQV\r']nStrel".iT] of the primary nodzzle f(lex(tx/ rl; =0) with expansion ratios equivalent to the ratio of the shroud
With a slight increase in secondary flow, the pressure gyt 1 the primary nozzle throat,

ratio levels were generally reduced to values equal to or
less than 1.00, a result indicating that secondary flow 2. Discontinuities in the thrust ratio trends occurred
effectively cooled the nozzle shroud. Figure 18 shows at low primary nozzle pressure ratios, and these disconti-
values ofp/ P s for the top centerline of the shroud for nuities were mitigated by decreasing area ratio.



3. The addition of secondary flow increased the
thrust ratio over the primary nozzle pressure ratio

range. The mid-to-high range of secondary flow pro- 4.

vided the most overall improvement, and the greatest
improvements were seen for the largest ejector area ratio.

4. Thrust vectoring the ejector nozzles caused a
reduction in thrust coefficient and discharge coefficient.

With or without secondary flow, the vectored ejector >

nozzles produced thrust vector angles that were
equivalent to or greater than the geometric turning angle.

5. With or without secondary flow, ejector passage
symmetry had little effect on thrust ratio, discharge
coefficient, or thrust vector angle.

6. For the unvectored ejectors, a small amount of 7.

secondary flow was sufficient to reduce the pressure lev-
els on the shroud, thus indicating that secondary flow can
effectively cool the nozzle shroud.

7. For the vectored ejector nozzles, a larger amount 8-

of secondary air was required to provide cooling.

NASA Langley Research Center 9
Hampton, VA 23681-0001
November 29, 1994
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(&) Sketch of dual-flow test stand.

Figure 1. Test stand of dual-flow air-powered nacelle model. Dimensions are given in inches.
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(b) Details of dual-flow system.

Figure 1. Continued.



(c) Photograph of ejector 20 installed on dual-flow stand.

Figure 1. Concluded.
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Flow parameters:

Geometric parameters:
A dg/cl, /0y
A

iy

(a) Conical.

Geometric parameters:

doch xg/c L/}

E—>

4 Flow parameters:

_\L NPR, 0 /T
>

L——>>

(b) Cylindrical.

Figure 2. Ejector parameters.



Geometric parameters:
do/dh, Xg/dh, L/d;, dg/dy
ds

da Flow parameters:
NPR, 0 /T
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o
2
=
< L >!

(c) Convergent-divergent (with convergent primary nozzle).

L;)‘
Vs ——>
Geometric parameters:
de/dt’ XS/dt' L/dt, dS/ dt’

di/d, dg/d

Flow parameters:
L i NPR, w /T

]
PN
N

-

(d) Convergent-divergent (with convergent-divergent primary nozzle).

Figure 2. Concluded.
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L-91-11220
(a) Assembled configuration.

L-91-11221

(b) Disassembled configuration.

Figure 3. Photograph of one of vectored ejector nozzle configurations.
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(a) Details of outer cylinder.

Figure 4. Details of ejector nozzle parts. All linear dimensions are given in inches.
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(b) Details of primary nozzles.

Figure 4. Continued.
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Detail A for shrouds 1, 2, 3
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(c) Details of unvectored shrouds.

Figure 4. Continued.
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(d) Details of vectored shrouds.
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Figure 4. Concluded.
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Test configuration
connect station

Ejector flow —

Primary flow — d

Ejector flow —

Configuration 1
(a) Configurations 1 and 2.

Figure 5. Vertical sectional views of all 28 configurations.

Configuration 2
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Configuration 3 Configuration 4

(b) Configurations 3 and 4.

Figure 5. Continued.
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Configuration 5 Configuration 6

(c) Configurations 5 and 6.

Figure 5. Continued.
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Configuration 7 Configuration 8

(d) Configurations 7 and 8.

Figure 5. Continued.
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Configuration 9

(e) Configurations 9 and 10.

Figure 5. Continued.

Configuration 10
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Configuration 11 Configuration 12

(f) Configurations 11 and 12.

Figure 5. Continued.
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Configuration 13 Configuration 14

(g) Configurations 13 and 14.

Figure 5. Continued.
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Configuration 15

(h) Configurations 15 and 16.

Figure 5. Continued.

Configuration 16
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Configuration 17

(i) Configurations 17 and 18.

Figure 5. Continued.

Configuration 18
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Configuration 19 Configuration 20

(i) Configurations 19 and 20.

Figure 5. Continued.
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Configuration 21

(k) Configurations 21 and 22.

Figure 5. Continued.

Configuration 22
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Configuration 23

(I) Configurations 23 and 24.

Figure 5. Continued.

Configuration 24
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Configuration 25

(m) Configurations 25 and 26.

Figure 5. Continued.

Configuration 26
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Configuration 27

(n) Configurations 27 and 28.

Figure 5. Concluded.

Configuration 28




No secondary flow

\

Primary boundary

Primary flow ——>

\— Centerline

(a) Low primary nozzle ratio and no secondary flow.

No secondary flow

__—Oblique shock

Primary flow ——> \

Primary boundary

\— Centerline

(b) Higher primary nozzle pressure ratio and no secondary flow.

Secondary flow

Primary boundary

Primary flow —>

\

(c) Low secondary flow and low primary nozzle pressure ratio.

Centerline

Figure 6. Ejector flow regimes.
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Secondary flow
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\ Primary boundary
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Primary flow —>

\\ Centerline

(d) Low secondary flow and moderate primary nozzle pressure ratio (impingement).

Secondary flow

Normal\ Primary boundary

shock

Mixing zone
Primary flow ——>

\ Centerline

(e) Higher secondary flow and low-to-moderate primary pressure ratio.

Figure 6. Concluded.
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(a) Dry power.

Figure 9. Effect of secondary flow on performance, pumping characteristics, and discharge coefficients of unvectore
ejector nozzles.
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Figure 9. Concluded.
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(a) Dry power.

Figure 10. Effect of secondary flow on shroud top-centerline static pressure distributions of unvectored ejector nozzle
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(a) Dry power.
Figure 11. Effect of geometric vector angk® and slot-height (dtjgh,) on performance and pumping character-

istics of ejector nozzles. No secondary flow.
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(b) AB power.

Figure 11. Concluded.
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Figure 12. Effect of geometric vector angi® and slot-height (ti@ h,)
tor angles of ejector nozzles. No secondary flow.
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Figure 13. Effect of geometric vector andi®) and slot-height Kdtiz h,) on shroud top-centerline static pressure
distributions of ejector nozzles. No secondary flow.
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Figure 13. Concluded.
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